The dominance of plastic across human society is a recent phenomenon, with petroleum oil-derived synthetic plastic polymers only finding widespread usage during the second half of the last century. We, alongside all other organisms, now live in the 'Plastic Age', with plastic infrastructure and industrial and consumer products now prevalent and playing a critically important role across every aspect of our lives 1 . However, the essential qualities of plastics, namely, resilience, durability, light weight, flexibility and resistance to degradation that have driven the adoption of plastics as materials of choice has also lead to the cosmopolitan distribution of plastic waste across the planet, and especially within marine environments. Initially, environmental plastic litter was considered primarily as an aesthetic issue, but the United Nations Environment Programme (UNEP) has now identified plastic pollution as a global environmental threat 2 with a proposal that plastic be designated as a hazardous waste product 3 .
Our plastic world
Global plastic production increased from 1.7 million tons in 1950 to 288 million tons in 2012 4 , representing an 8.7% year-on-year increase 5 . Plastic consumption in Australia alone exceeded an average of over 1.5 million tons per annum between 2007 and 2012 6 . The five major classes of plastic polymers, comprising 90% of polymer production, are: polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), and polyethylene terephthalate (PET) 1 . The ever-increasing production of industrial and consumer plastics, the latter which includes a substantial proportion of single-use disposable plastics, results in a plastic deluge into marine environments. A short walk along the tideline of any beach quickly highlights the pervasive presence of plastic litter in our marine environments, but a closer look also reveals the abundance of so-called microplastics (defined as plastics 5 mm in diameter; Figure 1A ).
The presence of microplastics in our oceans was first reported in the Sargasso Sea in 1972 8 with initial estimates of particle distribution of 50-12,000 per km 2 . Later that year, PS spherules carrying adsorbed co-pollutants (polychlorinated biphenyl) were reported in coastal American waters 9 , foreshadowing the subsequent identification of a much greater problem of adsorbed co-pollutants on plastic surfaces, now threatening marine fauna 10 . Intriguingly, both of these pioneer studies also noted the presence of microorganisms on the surface of plastics, with diatoms (and also hydroids) identified on pellets from the Sargasso Sea 8 and of rod-shaped Gram negative bacteria on PS spherules 9 . A subsequent study of American offshore waters demonstrated the widespread distribution of plastic fragments in oceanic waters 11 The microbial 'plastisphere'
As nature's biodegraders, microorganisms may already be ameliorating the accumulation of plastic and/or their associated co-pollutants within marine environments. However, hard evidence for biodegradation, especially over ecologically-relevant timescales is lacking. Indeed, our understanding of the marine microbial plastisphere is still in its infancy, with initial studies just beginning to characterise the structure and taxonomic diversity of plastisphere microbial communities.
Following the initial reports of microorganisms on plastic fragments in the North Atlantic in the early 1970s 8, 9 , a 25 year hiatus followed until Dang and Lovell 19 explored initial stages of biofilm formation (24-72 hours) on plastic plates in marine waters. These biofilms were dominated by alphaproteobacteria, in particular Roseobacter spp. Similar short-term exposure experiments (up to 36 hours) were then undertaken in Korean harbour waters 20 , comparing communities present on acryl with those on glass and steel coupons.
Molecular analysis of bacterial 16S rRNA genes suggested successional changes in community structure, with some taxa common across multiple surfaces, whilst some taxa were found only on one substrate. A third exposure experiment in surface waters in the China Sea 21 , compared differences in microbial communities on PVC with those on glass and Plexiglass after 24-and 72-hour exposures. Sequencing of bacterial 16S rRNA genes showed primary clustering of communities with time rather than surface type, and identified seven bacterial phyla, with alphaproteobacteria (including Roseobacteria) and gammaproteobacteria most abundant. These three early studies highlighted that plastic, as with any other available substrate, in the marine environment will be colonised by diverse bacterial taxa. Furthermore, they suggest that plastic biofilm communities will not solely be comprised of bacteria (and other microorganisms) that are specific to plastic alone.
Two exposure experiments explored colonisation of environmentally-abundant plastics, namely PET (synonymous with plastic bottled drinks) and with the most abundant marine plastic: PE (used for production of plastic bags and food packaging). A six-month exposure experiment using PET in seawater 22 yielded biofilms up to 90 mm thick and demonstrated a capacity for longer-term microbial survival on marine plastics. Culture-based analysis of PE-food bags submerged for 3 weeks below the seawater surface 23 showed significant increases in heterotrophic bacterial numbers on PE bags over time, accompanied by corresponding decreases in PE buoyancy. This study suggests that microbial colonisation (biofouling) of PE could contribute towards transport of previously buoyant plastic from surface into deeper waters. As microbial colonisation of plastics will be widespread in marine environments, this mechanism may partly explain the recent and perhaps surprising finding that global loads of buoyant plastic (especially PE, PP and PS) currently present at the ocean surface are estimated to be ten of thousands of tons lower than expected from estimates of plastic loads released into open oceans 14 . This raises a number of intriguing questions concerning plastic-microbial interactions in marine systems, in particular, as to whether microbial biofouling contributes to plastic transport to deeper waters and sediments, analogous to the concept of marine snow 24 , in addition, as to whether microorganisms may degrade either the plastics and/or plastic-adsorbed co-pollutants, as we have hypothesised previously 25 .
Following these earlier studies, there is now considerable interest in characterising the microbial communities present on marine plastic surfaces. In the first study exploring microbial community ).
Under the Microscope composition on plastic fragments recovered from the open ocean,
Zettler and colleagues 26 coined the term 'plastisphere' to define communities of microorganisms colonising plastic in the environment. They used 454-pyrosequencing of bacterial 16S rRNA genes amplified from plastic fragments from the Atlantic Ocean and showed that the plastisphere of just six different fragments (3 each of PE and PP) were comprised of over 1,000 different operational taxonomic units (OTU, analogous to species). Comparing these communities with those in the seawater from which the plastics were recovered, identified a number of species detected only on the plastic surface, including the cyanobacterium Phormidium; Pseudoalteromonas spp., often associated with marine algae and also members of the Hyphomonodaceae, which possess prosthecate filaments facilitating surficial attachment. It is unknown whether abundance of these taxa reflects a 'preference' for plastic as a substrate, or alternatively whether they would colonise other substrates in marine waters. Intriguingly, the authors highlighted the presence of cells in 'pits' in the plastic, using electron microscopy speculating this is suggestive of microbial degradation of plastic surfaces.
Two other recent studies have utilised electron microscopy to investigate microbial diversity on marine plastics. Firstly, rodshaped bacteria and pennate diatoms were shown to be most prevalent on plastic fragments from the North Pacific gyre 27 . Analysis of plastic fragments recovered from seawater around Australia 28 similarly revealed a morphologically diverse array of microorganisms, especially of diatoms, but also of other microbial eukaryotes, including coccolithophores, dinoflagellates and fungi. Assorted marine invertebrates were also identified suggesting plastics may serve as a 'raft' for complex multitrophic communities. This study also identified the presence of 'pits' and 'grooves' in plastic surfaces, again highlighting an urgent need for research to provide definitive evidence of marine plastic biodegradation.
We recently identified several further challenges as we investigate plastisphere microbial ecology. Firstly, we showed that the structure and composition of plastisphere microbial communities varies both seasonally and with geographical location 29 . In this research, PET drinking water bottles were attached onto buoys at three locations in the North Sea in winter, spring and summer. Seasonal differences in plastisphere communities were observed, with higher relative abundance of photosynthetic brown algae and cyanobacteria on bottles exposed during summer months, while winter communities were dominated by heterotrophic bacteria, including Bacteroidetes and gammaproteobacteria, in addition to photosynthetic diatoms (Synedra spp). Comparison of communities on plastic fragments from offshore waters around Northern Europe additionally demonstrated that plastisphere communities varied both with polymer type and the geographical location from which fragments were recovered. We also explored early stage microbial biofilm formation on PE microplastics ( Figure 1B ) within sediment (rather than pelagic) systems across sediment types 7 . These experiments revealed rapid successional changes in bacterial community structure on microplastics, with communities at 14 days dominated by Arcobacter and Colwellia spp. Interestingly, we observed convergence in the structure and composition of these plastisphere communities, while the structure of the communities in the different sediment types remained different, suggesting possible selection for these two genera in the PE plastisphere. While both Arcobacter and Colwellia have been associated with hydrocarbon degradation, we can, at this stage, only speculate on whether these bacteria are involved in PE biodegradation.
Much of the research undertaken thus far has been partly motivated by an interest in identifying evidence of biodegradation of marine plastics or, at least, has discussed its potential. However, an alternative impact of microbial plastic colonisation has also been highlighted by the observation of a high relative abundance of Vibrio spp. on plastic fragments recovered from the North Atlantic 26 . This observation, together with a report of Escherichia coli on plastic (and also seaweed) in beach waters suggests that plastic could serve as a vector for the transport of pathogenic microorganisms into marine fauna 30 .
Outlook
To understand the diversity and ecology of the microbial plastisphere, we will need to consider the likelihood that each individual plastic fragment present within the marine environment will have been subject to complex dynamic changes in its biofilm community structure and ecology, during the myriad of divergent routes, transitioning across and between the terrestrial, freshwater and marine environment. Along that journey, each plastic fragment may develop into a unique environmental microhabitat, shaped by both travel through differing physical-chemical environments, but additionally, due to adsorption of organic and inorganic chemicals and by the colonisation of diverse microorganisms. We conclude by highlighting five key questions and challenges for this emergent research topic:
(1) Do plastic surfaces select specifically for particular microbial species and/or alternatively, are plastic surfaces just primarily a convenient substrate for colonisation of microbial phototrophs driving development of multi-trophic complex biofilm assemblages? (2) Does microbial biofilm formation (biofouling) drive reductions in plastic buoyancy leading to plastic transport to the deeper ocean and into sediments? (3) How do the structure and function of plastisphere microbial communities change during transport from terrestrial environments, via freshwater, into marine waters and additionally into benthic environments? (4) Does microbial degradation of plastic (and bioplastic) and of adsorbed co-pollutants occur in marine environments and if so over what timescales? What are the ecological constraints upon plastic and co-pollutant degradation? (5) Are plastic surfaces a potential site for accumulation of pathogenic microorganisms that can be ingested by and impact upon marine fauna?
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